Metal rubber (MR) is a porous damping material, which achieves the damping energy consumption by the contact friction between the internal wires. Complex wire structure makes explanation of energy dissipation mechanism by the traditional theoretical models limited to comparison with equivalent models or microcell models, which cannot truly reflect the spatial multi-point contact characteristics of each wire. This work demonstrates numerical modeling based on actual preparation process parameters of annular MR. Using the penalty function to solve the complex contact that is difficult to predict between the internal spiral wires, the variation laws for equivalent stress and strain recorded during the loading-unloading process of MR, were obtained. The small-ball algorithm and the Tabu search algorithm were used to realize the accurate assessment of contact points between the wires and the hyper dimension matrix was used to track the friction state of the contact points in real time, thereby obtaining a proportional relationship between various friction forms during the loading-unloading process. It is found that sliding friction accounts for the majority of the total number of contact points, which is about 81.38%, consistent with the equivalent plastic strain law of stepwise change. It becomes further clarified from the microscopic point that MR accomplishes macroscopic energy dissipation mechanism through the fretting slip friction between the internal wires. In order to verify the authenticity of the simulation, a quasi-static loading-unloading experiment of MR was carried out under identical parameters, and the experimental macroscopic results were in excellent agreement with the simulation results. The research indicates that the MR finite element model established in this paper can precisely describe the dynamic contact of the internal structural features of MR materials, for providing a theoretical basis for guiding the preparation and application of MR.
I. INTRODUCTION
MR is a porous functional material ( Fig.1(a) ). Compared with ordinary rubber products, MR has obvious advantages in improving the life, reliability and performance of aerospace, naval equipment and cutting-edge military products under special working conditions [1] . Fig.2 shows that the damping The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. gear after adding MR damping material can meet the damping energy-consuming functions in special fields such as aviation and navigation. which is stamped from 0.1-0.3mm wires in a certain preparation process, and has a spatial mesh hook structure similar to rubber materials [2] , [3] , as shown in Fig.1(b) . MR does get deformed when subjected to alternating load, along with the constitutive relationship of nonlinear hysteresis functions similar to those in viscoelastic materials, is observed in macroscopic performance, while the microscopic performance is demonstrated in the slip, friction, extrusion and deformation between the spiral wires [4] , [5] , which can dissipate a large amount of vibration or impact energy through the friction between the wires, thereby functioning as a damping buffer. However, the slip friction and extrusion deformation occurring at each contact point is a complex physical process comprising of both material as well as contact nonlinearity, which will have significant impact on the damping energy dissipation performance, elastic deformation performance and even failure of the MR materials macroscopically. Particularly, the normal contacts and frictions on contact interfaces form a complex nonlinear relationship with the deformation of the internal wires of MR, making the geometry of the wires, the spatial positions of contact points and contact state arduous to obtain through theoretical modeling or experimentation. As a result, the materials preparation relies mostly on manual experience or experimental trials. Consequently, it is of great theoretical significance and military application value to study the random friction contact characteristics of MR internal wires through numerical modeling [6] - [11] .
With the advent of computer technology in recent years, significant progress has been made in the field of research concerning the modeling of micro-contact mechanics of MR. In the early stage of research, Li et al. [12] proposed a pyramidal finite element model, which used the elastic deformation of pyramids and the dry friction between pyramids for equivalent modeling and predicting the mechanical properties of MR, as shown in Fig.3(a) . Tan et al. [13] proposed a stacked cantilever-girder model, which used the elastic deformation of cantilever-girders and the dry friction between cantilever-girders to describe the internal contact of MR, as shown in Fig.3(b) . Li and Huang [14] proposed a dryfriction structural element ( Fig.3(c) ), which being equivalent to the mechanical properties of MR component, reflected the dry friction effect of internal wires of the material to some extent. In addition, Cao et al. [15] proposed a micro-structure element based on interaction between variable length curved beams by analyzing the spatial structures and contact forms of the wires during compression deformation. Such equivalent models deviate from the complexity of actual working conditions, and its accuracy needs to be further improved.
Later, scholars began to study the microscopic spiral wires contact model based on the contact structure of MR spiral wires. Peng et al. [16] proposed a micro-spring model based on the axial or radial loads, as shown in Fig.3(d) , describing the mechanical properties of such materials. Lu et al. [17] established the relevant mechanical model based on the spring theory and the analyses of the internal micro-element spiral wires structure of Yu et al. [18] based on the spiral spring theory, established the load-displacement curves for the materials. Zhu et al. [19] established different types of interaction structures for spiral wires and derived the mathematical model for establishing the hysteresis characteristics of MR based on the single-wire spiral model, as shown in Fig.3(e) , thereby explaining the mechanical properties of materials observed under the microscopic. Curved beam model is a smaller structural element than the micro-spring model and the single-wire spiral model, and is used for the micro-mechanical interpretation of the mechanical properties of MR materials, as shown in Fig.3 (f). Cao et al. [20] established a mathematical model for simulating the material loading-unloading mechanical properties founded on singlewire spiral composed of variable-length curved beams.
With the advent of porous materials and a continuous improvement in the ways to arrive at their theoretical models, relevant scholars have proposed curved beam models based on porous material theory for MR, as shown in Fig.3 (g). Li et al. [21] established a mathematical model of the hysteresis curve of MR based on the curved beam model, and studied the effects of relative density, shape factor and product size parameters on the mechanical properties of materials. Li et al. [22] established a nonlinear constitutive equation of MR based on the honeycomb solid theory, dry friction nonlinear theory and curved thin beam model. Dong et al. [23] , [24] initially established a three-dimensional spatial parametric model of MR, as shown in Fig.3 (h), which contained information such as spiral wires size, spiral wires layout, etc. It appeared as the first simulation model which came close to the actual micro-structure of MR, has and hence initiated a great impact for the development of the material mechanics models. Huang et al. [25] on the other hand, established a numerical model of the micro-structure of MR blank by analyzing the actual materials and structural characteristics of MR In summary, the current studies on micro-contact mechanical models of MR materials have evolved from equivalent models to models based on actual structure, from micro-element spiral wires contact models to threedimensional spatial parametric models, and have achieved fruitful research results. However, most of the existing geometric models are based on the usage of equivalent models or single ordered wire structures, which is significantly different from the actual randomly distributed wire structures. Therefore, it is impossible to apply these models for the interpretation of the changes in the internal organization structures and microscopic mechanism of dry friction energy dissipation between wires when materials are loaded. Moreover, the prevailing microscopic contact mechanics models belong to the quasi-static category in a strict sense. It is problematic to accurately describe the dynamic evolution of stress, strain and contact point distribution of various contact points between complex spiral wires with the contact slip, extrusion and deformation of the wires. As a result, it is impossible to make a comprehensive and accurate prediction about the frictional energy consumption characteristics of MR, which greatly limits further popularization and application of the material.
In this paper, a hollow cylindrical MR ( Fig. 1(a) ) prepared by winding method, was used as the object of study. We report a finite element model for the structure of spiral wires considering the material properties of MR, wire geometry and winding process parameters. This model has been established for studying the changes in stress and strain between wires along with exploration of the variation in the regularities of the friction forms of contact points between internal spiral wires during the MR's loading-unloading process and clarifying the macroscopic mechanism of damping energy dissipation in MR from microscopic point of view thereby providing theoretical bases for effective design of MR. Finally, we conducted experiments to verify the reliability of the simulation results.
II. FINITE ELEMENT MODELING OF MR SPIRAL MESH STRUCTURE A. ESTABLISHMENT OF GEOMETRIC MODEL OF MR 1) PRINCIPLE OF GEOMETRIC MODELING OF MR
A wound hollow cylindrical MR is prepared by winding the spiral wires onto the mandrel after the pitch is stretched to form a blank with a certain trajectory [26] , followed by placing the blank into a stamping dye for stamping. In order to maximize the proximity in the preparation process, the space curve of the winding mandrel is first established as the pedestal line (generatrix), and then the wire is wound around the generatrix to form MR wires. The spiral wires were offset in the radial direction and then folded, so that on being curved, these wires were embedded into each other, thereby reaching the completion of numerical modeling of the MR blank. Finally, the stamping was performed with reference to the tangible preparation parameters. The spatial spiral wires having a certain trajectory, were generated by transforming the local coordinate system to change the generation trajectory of the generatrix continuously.
B. SPATIAL COORDINATE TRANSFORMATION OF WIRE SPIRAL COILS
We initially modeled the generatrix of the curved spiral wires before the establishment of the blank numerical mode. If the space curve is the generatrix of a curved spiral wire, then the parametric equation of is:
where q is the parameter, q ∈ [q 1 , q 2 ] is the range of values for q. The local coordinate system oxyz was established at the starting point (ϕ (q 1 ) , ψ (q 1 ) , η (q 1 )) of . The positive direction of the z-axis is ϕ (q 1 ) , ψ (q 1 ) , η (q 1 ) while the other two axes are oriented in the positive direction with the right hand rule. On the established local coordinate system oxy, a circle centered on the origin of the coordinate system having a radius of length r was established, and the point p was rotated on this circle with an initial phase θ 0 and an angular velocity dθ/dt. While the curved spiral wires remained continuously entangled, the winding generatrix also changed according to a certain trajectory, thus achieving the revolution of wires while achieving the spiral rotation along the generatrix trajectory.
Assuming the generatrix to be a cylindrical spiral, the equation is:
where ψ is a parameter, ψ ∈ [ψ 1 , ψ 2 ] represents the range of values for ψ, R is the radius of the generatrix , and Z 0 is the coordinate of the starting point on z-axis. The local coordinate system o 1 x 1 y 1 z 1 was established at the starting point (R cos ψ 1 , R sin ψ 1 , Z 0 ) of the generatrix as described above, and was demarcated as the initial local coordinate system. The unit direction vector of the initial local coordinate system z-axis was described in the global coordinate system as:
The description of the unit direction vectors of the x 1 -axis and y 1 -axis in the initial local coordinate system was embedded in the global coordinate system: On rotation of λ 1 by α degrees around the z-axis into the yoz-plane, λ 1 became λ 1 , and then rotation of λ 1 by β degrees around the x-axis made λ 1 coincide with the z-axis. Here, α represents the angle between the projection of λ 1 in the xoy-plane and y-axis, and β is the angle between λ 1 and z-axis. Therefore, the rotation matrix is:
The unit direction vector (1, 0, 0) of the x 1 -axis in the initial local coordinate system was described in the global coordinate system as (x 11 , x 12 , x 13 ), and the unit direction vector (0, 1, 0) of the y 1 -axis was described as (y 11 , y 12 , y 13 ) in the global coordinate system, as obtained by the following equation:
The origin of the global coordinate system, (0, 0, 0) and the unit direction vectors (1,0,0), (0,1,0), (0,0,1) were described in the initial local coordinate system as (u 0 , v 0 , w 0 ), (u x , v x , w x ), u y , v y , w y and (u z , v z , w z ) respectively. While the point p kept rotating, the local coordinate system moved along the generatrix such that the local coordinate system (o 2 x 2 y 2 z 2 ) was continuously updated. The rotation of the point p in the local coordinate system and the movement of the local coordinate system along the generatrix , together formed the motion track for p, thereby obtaining the global coordinates of p. The schematic diagram of the geometric change of the local coordinate system is shown in Fig.4 :
According to Eq. (2) and the curve integral formula, the total length of the generatrix is:
On assuming the number of screws of the curved spiral to be n, the length of the generatrix conforming to each screw is L/n. The coordinates of p in the local coordinate system became known from Eq. (1). If the phase of p was θ and p turned θ/2π circles, the local coordinate system moved θ/2π pitches, and the corresponding moving-distance of the local coordinate system was:
From Eqs. (6) and (7), we obtained:
The origin of the target local coordinate system was described as (R cos ψ, R sin ψ, ρ (ψ − ψ 1 ) + Z 0 ) in the global coordinate system, and the global description of the z 2 -axis unit direction vector was:
In the initial local coordinate system, the coordinate of p was (r cos (θ + θ 0 ) , r sin (θ + θ 0 ) , 0), and the global coordinate p x , p y , p z of p was obtained as the local coordinate system was rotated through a certain angle ξ around the vector µ so that λ 1 coincides with λ 2 . The initial local coordinate system o 1 x 1 y 1 z 1 was translated so that its origin overlapped with the global coordinate origin. Subsequently, the local coordinate system was rotated in such a manner that the rotation axis vector µ was in the same direction as the positive direction of z-axis. The next step was the rotation of the specified angle ξ on z-axis. The inverse transformation of the first two steps was utilized to move the local coordinate system to its original position for obtaining the rotated local coordinate system p x , p y , p z . Finally, the rotated local coordinate system was translated to the target local coordinate system, and the p-point global parameterization equations p x , p y , p z with θ as the parameter were obtained, which were the wrap-around for MR space spiral wires parameter equations.
So far, the global coordinate parameters at the starting point of a single spiral wire are determined. Based on the above method, the global coordinate parameters of each point of a single spiral wire can be obtained by continuously changing the rotation angle θ of the spiral wire. According to the above method, a single spiral wire is calculated as shown in Fig.5 . Based on certain space winding rules of wires, multiple spiral wires are generated, and virtual stamping is carried out in a specific die. Finally, the virtual manufacturing of ring MR is realized. The flow chart of virtual preparation of MR is shown in Fig.6 .
C. CALCULATION CONDITIONS FOR DYNAMIC CONTACT CHARACTERISTICS OF MR SPIRAL MESH STRUCTURE
For studying the contact characteristics of each spiral wire in the MR application process during loading-unloading, we fully considered the properties of large deformation and contact nonlinearity of spiral wires, combined with the actual process for preparation of MR, and then generated MR space spiral wires in MATLAB. The spiral wires were imported into ANSYS for finite element division, and the penalty function was used to solve the complex hook connections between spiral wires, followed by setting the boundary conditions and loading methods. Finally, the resulting K file was imported into LS-DYNA for explicit dynamics solution.
1) DEFINITION OF MATERIAL PROPERTIES
The common material for MR is 304-stainless steel, for which, the following material parameters were set as follows: elastic modulus = 2.06 × 10 5 MPa, density = 7.93 × 10 −3 g/mm 3 , Poisson's ratio = 0.3. The stamping or loading-unloading process of MR was simulated by setting the segmental plasticity property, tangent modulus, failure strain and strain rate. The specific preparation process parameters are shown in Table 1 :
The explicit power element BEAM161 was selected for meshing, which is a special element for solving explicit dynamics in ANSYS, and is suitable for the finite element analysis of complex multi-point contact [27] . The Hughes-Liu cross-section integral was used for element calculation along with the integral rule of 2×2 order Gauss integral. Since the hollow cylindrical MR is axisymmetric, it was equally divided into six times in the circumferential direction during modeling to save simulation time, and one of pieces was subjected to finite element analysis. In order to further investigate the phenomenon of mutual connection between the internal wires of MR during the loading process, each spiral wire was used as a component and the MR as a collection. Such a selection of conditions was convenient for setting boundary conditions and post-processing.
3) CONTACT PROBLEM OF MODELING
The determination of complex intertwined contact amongst MR wires is a difficulty in finite element simulation. The penalty function algorithm has stable computational ability in solving nonlinear optimization problems and can solve the problem of spatial multi-point contact. As a result, the penalty function algorithm was employed to establish the virtual work equation in the contact problem, followed by acquiring the relationship between contact force and contact point penetration through the stress balance conditions, which involved checking the penetration of the node in each load step. The Coulomb friction was introduced to calculate the friction coefficient and define the sliding function. The contact stiffness was established by adjusting the penalty factor. Lastly, the relationship between contact force and displacement increment were established by combining the penalty function with the non-classical friction theory.
For a three-dimensional contact problem, the contact surface is nonlinear, and the basic equation of contact problem is the combination of equilibrium equation with contact condition. The virtual work equation [28] with the contact problem at time t is:
is the boundary of a given external force, t c is the boundary of possible contact, ''Grad'' is a gradient operator, t is the contact system, and σ t , F t , T t , P t c are stress, volume force, surface force, and contact force respectively.
In keeping with the equilibrium conditions of the stress boundary, at the contact point X ∈ c .
Hence:
where n(X) is the normal vector of contact interface, P c (X ) is the reaction force of contact boundary at time t. The decomposition along the direction of the local coordinate system is:
where P T is the tangential contact force and P N is the normal contact force. The contact point along the normal direction at time t satisfies the following Kuhn-Tucker conditions:
where g N (X ) represents the normal permeation, Eq. (13-a) represents the non-permeability condition of materials, Eq.(13-b) represents that the contact pressure is pressure reaction force, and Eq.(13-c) represents the zero work conditions of the normal contact pressure. The tangential contact force on the contact interface is the frictional force. For the analysis of this friction, we have used the classical dry friction law proposed by Coulomb. According to this law, relative sliding occurs only when the tangential force parallel to the contact surface between the two contact objects reaches a critical value. The magnitude of this critical value is proportional to normal contact force [29] , and the proportionality constant is called the friction coefficient. By defining the sliding function φ, the Coulomb friction at the point of contact can be expressed in terms of Kuhn-Tucker conditions:
where φ is the contact interface; P T is the tangential reaction of contact boundary, P N is the normal reaction of contact boundary, µ is the coefficient of friction, g T is the tangential slip, ξ is a non-negative scale parameter, which is derived from equation (21). According to the penalty function, Eq. (14-b) was introduced into Eq. (10), which resulted in the virtual function:
where ε N , ε T are the normal and tangential penalty parameters respectively, and ε N > 0, ε T > 0. The penalty function establishes a linear relationship between force and the displacement between contact force and penetration value of the contact surface, by defining the contact stiffness as:
where F is the normal contact force, K is the contact stiffness, and X is the penetration value.
On the assumption that the normal contact pressure is proportional to penetration, and the tangential contact pressure is proportional to microscopic slip [30] .
However, the internal wires of MR not only has the micromotion displacement between wires, but also the overall macroscopic displacement. Therefore, the non-classical friction theory is introduced. According to the non-classical friction theory, the relative slip increment consists of two parts: (1) microscopic slip increment and (2) macro slip increment [31] . Then the total relative slip increment can be expressed as:
where, the microscopic displacement increment is:
The macro displacement increment is:
According to the sliding function defined by Eq. (14-a), when P N < 0, |P N | = −P N ; The macro-slip occurs as:
where the index T refers to the transpose of the matrix, P refers to the parameter under the macroscopic, gp T = g p Ti g p Ti is the equivalent slip.
From Eq. (14) and Eq. (20):
Therefore, from the constitutive relationship between frictional force, normal contact force and penetration, the slip increment can be obtained combining Eq. (14), Eq. (21) as:
Among them,
where ω is the contact state factor, ω = 0 for the adhesive contact and ω = 1 for the sliding state.
4) BOUNDARY CONDITIONS AND LOADING SETTINGS
In this paper, we constrained the left and right cross sections of 1/6 th part of hollow-cylindrical MR thereby constraining the movement of the end of each wire along the x, y axes and the rotation around the x, y, and z axes, while letting the freedom of movement only along the z-axis (stamping loading direction). The lower surface of MR was in contact with a fixed rigid plate. In order to be close to the actual preparation process and application, the upper surface of MR was loaded and unloaded with equal displacement increments with the help of the rigid stamping plate, and the loading-unloading amount was 0.6 mm in the direction of formation. Due to the geometric nonlinearity, material nonlinearity (the material nonlinearity of MR refers to the nonlinear phenomenon in the stress-strain relationship of the wires) and contact nonlinearity of MR during stamping or loading-unloading, the loads were gradually applied by employing the equal displacement segmentation method [27] wherein each load step was further divided into several sub-steps to achieve the computational convergence in the finite element solution process during each loading-unloading period.
D. PREDICTION OF CONTACT POINTS AND DYNAMIC TRACKING OF FRICTION STATES BETWEEN WIRES
MR being a kind of nonlinear dry friction porous material, the shared contacts between the spiral wires causes a large number of contact forms of point contacts and line contacts between the internal wires of MR when subjected to load, as shown in Fig.7 . The frictional states such as slip friction and radial extrusion occur at the contact points, as shown in Fig.8 . Although MR dissipates energy through the extrusion deformation and frictional contact between the wires, the difference in contact forms and friction states lead to different effects on the damping energy performance of MR. Therefore, the predicting the number of contact points in different contact forms and of contact positions along with precise tracking of the friction states of contact points can further reveal the macroscopic damping energy dissipation mechanism in MR from a microscopic point of view. In order to correctly describe the random friction contact characteristics between the spiral coil wires of MR, in this paper, we have used the small-ball algorithm [32] , [33] to create the contact ball wherein the center of mass of the wire micro-element works as the center of sphere and the contact threshold as the radius, as shown in Fig.9 . In the process of loading-unloading, the number of contact points between MR wires was determined by the contact collision between the balls. The super-dimensional spatial matrices were used to store the coordinate parameters of the small-balls in the collision contact during the course of loading-unloading; The Tabu search algorithm [34] was used to avoid the roundabout search by the local neighborhood search mechanism and the corresponding contraindication criteria, and achieve efficient searching of contact points between wires and store contact data in real time. The searched wires were deposited into the Tabu interval to avoid repeated search amongst the wires; when monitoring the number of consecutive contact points greater than three between the wires, it was judged that the area is of line contact and was stored in the Tabu search list. As a result, the constrained search area was implemented to successfully predict the changes in line contacts and point contacts in the internal wires of MR, overcoming the statistical errors caused by the repeated search of line contacts and point contacts in the regular search mode.
The setting of contact threshold (In this work, 1.1 times the wire diameter was selected as the contact threshold ) is crucial for the search accuracy of the micro-element wires in the model (because disproportionate micro-division will diminish the search accuracy and too small micro-integration will cause a large number of repeated searches). In this work, the radius of the contact balls was set at 1/2 of contact threshold. Assuming that the number of spiral wires in the model to be n, the solution space set S was established by searching for n-1 spiral wires:
where π is a set of spatial micro-elements of each spiral wire, nn = n − 1.
In this work, we created a contact ball model by setting the particle segment of the spiral wires in the solution space set S as the center of sphere and setting a radius based on the contact threshold. The calculation of the objective function was accomplished by comparing the contact balls of each spiral wire to those of other spiral wires in the space set, and then the objective function value calculated each time, was used to compare with the contact threshold, to determine whether the small balls had been in contact, thereby obtaining a pseudo optimal value γ . This Pseudo optimal solution γ being placed in the candidate set, the searched wires were placed in the Tabu interval, thereby avoiding repeated searches to reduce search time.
The objective function is (24) , as shown at the bottom of this page, where x i,j , y i,j , z i,j are the coordinates of the center of the contact ball for the search, x i+,j , y i+1,j , z i+1,j are the coordinates of the center of the contact ball to be searched in the space geometry, and jj is the total number of contact balls of the k-th wire.
Through the comparison of the value of objective function and the contact threshold in the search process of each spiral wire, the pseudo-optimal value γ that meets the condition could be temporarily stored in the candidate set, and then the coordinates of the center of the contact balls were accurately positioned for further real-time updates of contact points:
The spiral wires in the Tabu area were recalled, and the contact points of wires in all taboo areas are stored in a search F k (π i,j ) = (x i,j − x i+1,j ) 2 + (y i,j − y i+1,j ) 2 + (z i,j − z i+1,j ) 2 , i = 1, · · · , nn; k = i + 1, · · · , n; j = 1, · · · , jj (24) VOLUME 7, 2019 set H in order to locate the continuous contact parts between wires: (26) where h i is the number of contact balls of the spiral wire i in the taboo set, and n is the total number of spiral wires.
The pseudo-optimal candidate points of equal spacing number were compared to the contact balls re-tuned from the Tabu area. As the continuous contact balls of the corresponding positions between different wires satisfied the objective function at the same time, the contact within this range could be considered as the line contact: (27) , as shown at the bottom of this page, where x i,j , y i,j , z i,j and x i+1,j , y i+1,j , z i+1,j respectively represent the center coordinates of the microspheres in contact, x i,j+1 , y i,j+1 , z i,j+1 and x i+1,j+1 , y i+1,j+1 , z i+1,j+1 respectively represent the center coordinates of the adjacent microspheres.
In each iterative update, the pseudo-optimal solution of candidate set satisfying Eq. (27) was stored in the Tabu list, updating the candidate set to obtain the optimal solution set γ . On iterative updating of the candidate set, the interference of line contacts was eliminated, and finally the number of contact points in the model at a certain time, was obtained.
There are two frictional states of radial extrusion and slip friction between the internal wires of MR, as shown in Fig. 8 .In order to dynamically track the friction states between the internal wires of MR during the loading process, based on the estimated number of contact points, a hyperdimensional spatial matrix was employed to locate the spatial coordinates of the contact points in real time to accomplish a series of dynamic tracking. This arrangement of the coordinates of the contact points at a certain moment, were stored as a series of three-dimensional matrix, and the time variable was taken as the fourth dimension to solve the dynamic change process of the contact friction states of internal wires of MR:
The motion forms of contact points between wires were determined by the relative shift of the contact balls in the spatial matrix in the adjacent time: (29) , as shown at the bottom of this page, where D i,j,t is the relative shift in the contact points at the previous moment, while D i,j,t+1 is the relative displacement of contact points at the next moment.
The judging criteria for the movement forms of the contact points between wires are expressed as:
During the judgment of each contact form, in the event of establishment of Eq. (30), the contact pair was determined to be radial extrusion while in case of non-establishment of Eq. (30), the contact pair was determined to be slip friction.
The flow chart of contact points statistics and friction forms tracking as shown in Fig.10:   FIGURE 10 . Flow chart of contact point statistics and friction pattern judgment.
III. FINITE ELEMENT CALCULATION RESULTS AND ANALYSIS A. NUMERICAL SIMULATION OF MR STAMPING PROCESS
With the purpose of accurately establishing the geometric model of MR, the whole simulation process rested upon preparing the blank by winding the spiral wires on the mandrel in a certain trajectory and then putting it into the corresponding dye for stamping. In the blank stamping process, a few intertwined wires were further embedded and connected with other spiral wires. The simulation process of blank stamping is shown in Fig.11 . After stamping, MR equivalent stress was still in the range of 2.329 MPa to 3.292 MPa from the initial stage to the end of unloading. It can be seen that MR has a significant residual stress phenomenon after unloading. It can be seen from the graph that the maximum displacement along the loading direction (Z-axis) is 0.6mm, and a springback phenomenon occurs when the load is gradually unloaded. However, due to the plastic strain, even though the height gradually springs back to the position close to that in the initial loading time, it cannot be completely restored. At the same time, in the plane of loading direction, a microdisplacement occurs at each contact point between a large number of metal wires, and Fig. 15 shows the fretting displacement at the contact point of the maximum plastic strain between MR spiral wires. These contact points produce a lot of frictional internal energy from contact to fretting slip under load, so as to reach the function of energy absorption and vibration reduction of MR. Especially in the initial stage of loading, in a loading time of 2.75s, the fretting displacement of each contact point rises sharply twice and then reaches its peak value. It is the rapid increase in fretting displacement that makes the equivalent plastic strain of MR increase sharply in the loading time. At the time of fretting displacement reaching its peak value, MR reaches a new plastic deformation, and the equivalent plastic strain tends to be stable, which is consistent with the equivalent plastic strain curve in Fig.17 . (Note: In figure 14-17, '' * '' represents the results in simulation, and the curve represents that the simulation results are fitted by the least square method to explain the changing trend of mechanical properties more intuitively.) Fig.16 and Fig.17 are the equivalent stress and strain diagrams at the contact point of the maximum plastic strain between MR spiral wires, respectively. From Fig.16 , it can be seen that the equivalent stress of MR surges sharply at the initial stage of loading, and thereafter tends to increase slowly. When unloading, the equivalent stress of MR decreases gradually, and as the unloading process terminates, the residual stress still exists between the inner turns. As shown in Fig. 16 , while not destroying the internal structure of MR, the greater equivalent stress makes the same slip produce greater friction between wires, which can achieve better energy consumption effect. As can be seen from Fig. 17 , the equivalent plastic strain increases steadily with the action of the load, along with a jumping change. When the loading time reaches 0.8s, the equivalent plastic strain reaches a stable value and as it reaches 2.7s, the extrusion slip between the metal wires in MR becomes more obvious, leading to the change of the plastic equivalent strain to once more reach a stable value. This is as a result of the combination of a continuous extrusion deformation and sliding friction of the contact points on the wires, which results in the phenomenon of jumping plastic deformation. In the unloading process, the external load no longer acts, and the equivalent plastic strain of MR does not change after a certain amount of rapid increase, but reaches a stable value, which corroborates mutually with the fretting slip trend as shown in Fig. 15 . As shown in Figure 17 , the relative slip of spiral wires in MR is characterized by equivalent plastic strain. The step equivalent plastic strain corresponds to the wires fretting displacement sudden increase section in Fig. 15 and the contact slip friction in Table 2 , which accounts for the vast majority of the contact points, all shows that MR can absorb energy and reduce vibration through the slip friction between the wires.
C. MR INTERNAL WIRE CONTACT POINT ESTIMATION AND DYNAMIC TRACKING OF FRICTION STATE
MR, as an excellent shock absorber, primarily relies on the frictional energy dissipation of the contact points between internal spiral wires. However, there is no literature about any friction state that can achieve the energy dissipation effect. Therefore, with the aim of studying the contact forms and friction states of contact points between internal wires in MR, in this paper, the number of contact points during loadingunloading process was estimated and the friction state was tracked dynamically by means of the small-ball algorithm and the Tabu-search algorithm. The detailed results are shown in Fig.18 , which are of great significance during exploration of the energy dissipation and vibration reduction performance and friction mechanism of MR.
The contact friction between wires of MR is divided into radial extrusion and sliding friction. With the purpose of distinguishing the number of the two friction forms in actual contact pairs, the ratio of sliding friction number to the total contact number in loading-unloading was calculated:
where R is the average value of the ratio of sliding friction number to the total contact number in loading-unloading of MR, and R i is the ratio of sliding friction number to the total contact number at the i-th loading-unloading moment. In table 2, the steps 1-6 represent the loading process and the steps 7-10 represent the unloading process. The number of radial extrusions is the total number of contact points minus the number of slip frictions. From Fig.18 , it can be seen that with the continuous contact extrusion deformation between internal wires of MR in the process of loading, the number of both contact points, as well as sliding frictions increases gradually. When unloading, the numbers of contact points and sliding frictions decrease gradually. However, at any stage, the number of sliding frictions accounts for the majority of the total number of contact points. As can be seen from Table 2 , its proportion is about 81.38%, which is consistent with the microstructure wherein most internal spiral wires of MR are superimposed at certain angles to each other, as shown in Fig. 19 . It can be seen from Fig. 19 that there is a large amount of contact points between the spiral wires of MR, and there is a stress concentration phenomenon at those contact points. Excessive stress is accompanied by the sliding friction amongst the wires to generate a large amount of thermal energy, and the macroscopic appearance of MR energy dissipation is accomplished. Therefore, it is concluded that the damping energy consumption of MR is primarily realized by the sliding frictions of a large number of contact points between the internal wires. To further illustrate the reliability of this conclusion, a subsequent verification will be performed by the macroscopic damping energy consumption test.
IV. 3 COMPARISON AND ANALYSIS OF EXPERIMENTAL RESULTS AND SIMULATION A. EXPERIMENTAL PREPARATION AND LOADING-UNLOADING APPLICATION
With the aim of further verifying the accuracy of the simulation based on the MR blank automatic winding process, the blank preparation of MR was carried out by the numerical control blank winding equipment ( Fig.20(a) ) under the conditions identical to simulation parameters. Firstly, 304(06Cr19Ni10)-austenitic stainless steel made by cold drawing process was used as the raw material for the wires. The wires were wound into spiral shapes on a special winding device, with a diameter of 0.2mm. Spiral wires, after the tensile unloading, were prepared by winding on the mandrel according to a certain winding trajectory on the numerical control blank winding device. The blank preparation process is shown in Fig.20 .
After the preparation of MR blank, it was placed in the designed stamping dye, and the limited tonnage stamping was carried out in the THD32-100 four-column hydraulic press. In this paper, the reported MR stamping forming limit is 7.5T. The stamping process is shown in Fig.21 . In Fig. 21-b , the blank portion of the mold refers to the portion where the mandrel is stored. In the paper, the size of MR used is exactly the same as the simulated parameters: They are all circular MR with internal diameter of 12 mm, outer diameter of 20 mm and height of 3 mm, as shown in Fig. 21(c) .
The distribution and arrangement of spiral wires are essentially consistent with the finite element model as shown in Fig.21(c) . In order to verify the consistency of the finite element model and the actual product in vibration damping energy consumption, the prepared MR was placed in a WDW-T200 microcomputer control electronic universal testing machine to carry out the loading-unloading experiment by applying displacement loads. The maximum test force of the test machine is 200KN, the test force measurement accuracy: better than ±1% indication; the beam displacement: 0-600mm, the moving speed: 0.01mm/min-500mm/min, the moving speed control accuracy ≤±1%; The deformation resolution is 0.001mm, and the measurement accuracy is better than ±0.5%. The force and displacement of the sensors during the loading-unloading process were recorded, and the hysteresis curve generated in the test was compared with the hysteresis curve obtained in the dynamic simulation. The quasi-static loading-unloading process is shown in Fig. 22 .
B. COMPARATIVE ANALYSIS OF EXPERIMENTAL AND SIMULATION RESULTS
Compared with other damping materials, MR has the advantages of long service life, long storage time, high temperature resistance and radiation resistance [35] - [36] . Therefore, compared with ordinary rubber and other damping materials, the use of MR in aerospace, navigation and other special conditions is more common. As shown in Fig.2 , MR is applied to gear pair, the contact clearance of gear pair can be adjusted adaptively, thus reducing the contact vibration.
The advantage of MR as a damping material is that in addition to the strong environmental adaptability and long service life, it can absorb large amounts of energy through the extrusion deformation and sliding friction between the spiral wires. The loading-unloading curve (i.e., the hysteresis curve) can directly reflect the energy dissipation during the deformation of the materials [26] . The hysteresis loop reflects the fundamental characteristics of MR energy consumption, wherein, the enclosed area has a direct relationship with the damping energy consumption. The area enclosed by the loading-unloading curve represents the energy dissipated by materials during the loading-unloading. From Fig.23 , the area of the hysteresis curves can directly reflect the energy dissipation of materials during the deformation process, whether it is from the finite element simulation of MR or from the parametric experiment. The area occupied by the hysteresis curve is calculated by micro-dimensioning the curve, that is, the dissipated energy:
where K-1 is the number of equal segments of the curve, y is the ordinate of each segment of the loading curve, y is the ordinate of each segment of the unloading curve, and x m is the length of the x-axis of the segment, which is the fixed value. From equation (32) , under the same loading conditions, the energy loss of the MR is 10.23J, while the simulation energy loss is 9.87J, and the average error rate of the two is 3.52%, which further verify the accuracy and reliability of the model built in this paper. This aspect will also be reflected in the revision of the article. In the hysteresis curve, the sudden drop of load occurring near the same deformation of loadingunloading curve reflects the relative slip of wires [26] . Combining with the quantitative value that sliding friction points account for 81.3% of the total number of friction points in Fig. 18 and Table 2 , it can be further verified that the dry friction effect during the relative slip between wires is the main way of energy dissipation during the deformation of MR.
The MR porous material is composed of a solid wire and air. The relative density is the ratio of the density of the prepared material wires to the density of the porous material, which is the solid phase volume fraction of MR. The solid phase volume fraction of MR is an excellent parameter to characterize the damping properties of MR. If the volume fraction is too large, the products will be too compact to absorb energy from external loads, thus the effect of vibration reduction cannot be achieved. However, too small volume fraction will cause the structure of MR to be soft, unable to withstand large loads and reduce its service life. Its calculation formula is [37] :
where V L is the wire volume, V MR is the volume of MR, L L is the wire length, which can be calculated by the curve calculation program, S L is the wire cross-sectional area, S MR is the MR bottom surface area, and H MR is the MR height. From Fig.24 , it can be known that the solid phase volume fraction of MR gradually increases with the stamping process of the blank. As the MR height reaches 3 mm after the stamping, the solid phase volume fraction becomes 51.6%. In the experiment, the solid phase volume fraction of MR after stamping is 56.32%, which is fairly consistent with the simulation. The solid phase volume fraction of finished MR ranges from 50% to 75% [33] . Different MR volume fractions are used in different working conditions. Therefore, simulating and testing the solid phase volume fraction of MR can help us better understand the damping properties of products. The volume fraction of solid phase in the simulation is basically in agreement with the experimental results, which further verifies the reliability and accuracy of the model established in this paper.
V. CONCLUSION
In order to study the micro-mechanical properties of MR, in this paper, based on the preparation process of annular MR, we established a finite element model for MR through MATLAB and ANSYS/LS-DYNA, using the penalty function to solve the unpredictable complex contact between the spiral wires. The small ball algorithm, Tabu search algorithm and the hyper-dimension space matrix were used to achieve the accurate estimation of the contact points of the wires and real-time tracking of the friction states, thereby obtaining the proportional relationship of various friction states. It is found that the slip frictions account for the majority of the total number of contact points, which reveals the mechanism of MR damping energy dissipation. The major conclusion to be drawn from the present work are:
1) The virtual MR model was applied to the same load by loading-unloading parameters of actual experiment. The stress and strain of MR during the loading-unloading process were obtained, and the fretting displacement of the contact points between wires was well confirmed the trend of the step-jump of its equivalent plastic strain, which effectively clarifies the energy dissipation mechanism from static frictions to slip frictions in MR contact process.
2) Using the small-ball algorithm and Tabu search algorithm, the influence of line contacts in the MR loading process on the contact points statistics was effectively reduced, and the friction states of contact points were dynamically tracked by the hyper dimension matrix. In the estimation of the number of slip frictions in the contact points and its ratio to the total number of contact points, it was found that in the process of MR loading-unloading, the form of slip frictions accounts for about 81.38%, which further clarifies the macroscopic damping energy dissipation mechanism of MR from a microscopic perspective, and provides a theoretical basis for exploring the internal structure of MR.
3) The MR was prepared by using the same parameters as in simulation, and a physical MR conforming to the simulated structure was obtained. The quasi-static loading-unloading experiment of the stamped MR was carried out, and the comparison of simulation and experiment on the hysteresis curve and the solid phase volume fraction curve resulted in verification of the proposed finite element model in this paper to have a certain accuracy and reliability.
